In this paper we present the results of solar cell's screen printed contacts thickening by light induced plating (LIP) of
Introduction
One of the most promising metallization techniques for replacing the screen−printing method for the purposes of increasing solar cell efficiency is called light induced plat− ing (LIP) [1] . Being a derivative of electroplating, LIP exploits the photovoltaic properties of solar cells to produce a sufficient current to plate its own contact grid with high conductivity metal [2] [3] [4] . As the metallic cations in the plat− ing bath have a positive charge, the ability of a p−type illu− minated solar cell to accumulate positive charge on its back surface and negative charge on its front surface makes LIP simple in realization and close to be an industrial produc− tion, contact deposition technique. The manufacturing ready LIP process lines that exist on the market today, can be attractive for solar cells manufacturing company's capital equipment expenditures.
Besides lump sum equipment investments, however, the direct expenses of entire plating processes such as consum− able supplies costs are also important. A quick calculation shows that the mass of pure silver plated onto the front sur− face of a 125×125 mm−sized solar cell is roughly 0.15 g.
Moreover, attempts at direct silver to silicon plating meet with low deposited layer adherence, high interface resistivity and metal−to−semiconductor diffusion. Plating over pre−existing seed/barrier layers of Ni, Pt or Ti created by sputtering or electroless plating often followed by ther− mal annealing, aims to solve the indicated problems [5, 6] but introduces the necessity of additional processing stages for a solar cells fabrication.
The best industrial silicon solar cells produced with the conventional silver screen−printing technique have a fill fac− tor value above 80%. Therefore the possible gain from using electroplating can hardly justify the additional ex− penses of implementation of the plating process into the production cycle.
In this paper we propose a functional and cost−effec− tive way for the perceptible improvement in contact grid resis− tivity (and thus overall solar cell efficiency) by light−assisted plating of a thin (compared to the thickness of screen−printed contacts) layer of copper or silver onto the surface of existing screen printed contacts.
Experimental
For the experiments, industrial 125×125 mm p−type silicon solar cells were used (cells were kindly provided by Pho− towatt International S.A.S. company). To analyze the influ− ence of a shadowing effect from the deposited layer on the cell efficiency, cells with different "finger" spacings were used. The tests using cells with fine−line printing were also done. For the plating tests, the cells were cut into 40×60 mm pieces (with one bus bar), and long stripes with two bus bars, so that one can measure the finger line resistivity before and after a metal deposition. To avoid the short cir− cuit of the solar cell by the electrolyte, the boards were elec− trically insulated. To measure the potential distribution, the voltage between the front side, rear side, and anode were measured by the multimeters as shown in Fig. 1 . The plating current was controlled by the ammeter connected between the anode and the rear side of the cell. For light−assisted plating experiments an external current source was used.
Results

Electrolyte characterization
Plating bath analysis methods were developed for copper and silver electrolytes. For copper plating, copper sulfide based electrolytes and for silver plating, two different non− −cyanide alkaline commercial plating solutions were used.
As the idea of LIP derives from the electrodeposition method, the electrochemical reactions taking place on both anodic and cathodic sites are similar. But our search for the optimal plating conditions has highlighted some LIP spe− cific problems.
First, we measured the I-V of the electrolytes in order to determine the plating bath resistivity, the plating current variation range. The results of these measurements are shown in Fig. 2 .
The current curve is expected to have saturation when the high current in the bath is limited by the electrolyte. However, the I-V curve for the copper bath bends visibly at the high current region [ Fig. 2(a) ]. Before current saturation, a parasitic reaction begins in the electrolyte and the current increases suddenly. At the same time, both the anode and the cathode are covered by a black flake−like product of the parasitic reaction. The minimal resistance of 5 Wcm 2 is found at the upper half of the current range. It is dangerous to work close to the limit current as a sudden fluctuation can lead to irreversible electrolyte contamination. So, a prefera− ble current range is between 4 and 8.5 A/dm 2 .
Resistance of the first silver plating electrolyte has two minima [ Fig. 2(b) ], a local minimum at V = 0.2 V, I = 0.4 A/dm 2 and a global minimum near the upper limit current at V = 1 V, I = 0.98 A/dm 2 . But the distinction of the silver plating bath is that the current is stable at the whole current range, the difference between the maximal and minimal resistance is no more than 20%, while for the copper bath, it is up to 100%.
The second silver plating electrolyte was found to be even more stable. Its resistivity did not change at the whole range of currents measured [ Fig. 2(c) ].
Cell in bath characterization
In the case of p−type solar cells, the electrical contact with the solar cell is provided by its rear surface. In the simplest case, the solar cell rear surface is directly connected with the metallic anode to close the plating bath circuit. When the cell is illuminated, the front surface is at a negative potential due to the photovoltaic effect. At the same time, the rear sur− face is charged positively. As the anode is connected with the rear surface, it is at a positive potential. Thus, the anode material will be dissolved and consequently deposited to the cell front surface. The first problem of this LIP realization results from its definition. As the rear side potential is higher than the one at the front side and equals to the anode potential, this results in the dissolution of the rear side mate− rial and its deposition on the front side [7, 8] .
A possible way−out is electrical insulation of a solar cell's rear surface. In this case, the only interface between a cell and the electrolyte is a solar cell's front face contact grid. The plating current is controlled by the ammeter and depends only on illumination intensity.
Another solution is a transfer to light−assisted plating method. The plating current is applied by external current source. The potential distribution is adjusted by light illumi− nation intensity in order to fix the voltage V AR between the anode and the cell's front face equal to the voltage V RF between the cell's rear and front sides. In this case, a rate of oxidation and reduction processes at the cell's rear surface is in equilibrium. Thus, the rear surface is untouched during the plating process, while the front surface is being plated.
First of all, the I-V measurements of the solar cell in the copper plating bath for different illumination intensities were done (Fig. 3) . I-V curves resemble the ones obtained in the case of a solar cell in air. The working region is still at the saturation zone of the solar cell I-V curve, described by the diode equation. The saturation current increases with illumination intensity. However, there are some prominent distinctions. The "fill factor" increases while illumination intensity is grown, but the open−circuit voltage falls. At the saturation zone, the current rises up exponentially, starting from a certain voltage V 2 . This voltage V 2 is 0 for the dark I-V curves and moves to positive voltages for more illu− minated cells.
In Fig. 4 , the results of V 2 (V 3 ) measurements are pre− sented. The curves are linear and they change their incline at a certain voltage V 2 . This voltage depends on the illumina− tion intensity and corresponds to the open−circuit voltage from I-V measurements. As the cell illumination is incre− ased, its V 2 (V 3 ) curve becomes saturated.
To investigate these phenomena, the plating current as a function of illumination intensity was measured. In this experiment, the rear side of the solar cell is still insulated from electrolyte and short−circuited with the anode. No external power supplies are used. The current grows expo− nentially, thus not linearly (Fig. 5) . As follows from the equivalent circuit, the current measured by the ammeter is not Icc but the current of the solar cell, charged by the bath resistance. This resistance is non−linear as shown in Fig. 2 . In the absence of the external voltage V 3 , the terminal vol− tage V 2 depends linearly on the illumination intensity (Fig. 4) . So, in this case, we are not measuring the plating current, but a terminal voltage proportional to the light intensity. If the bath resistance was stable, the saturation branches of the I-V curves (Fig. 3) case, the data points on this graph would form a straight line. But the I-V curves buckle and the trace of data points take the form of a familiar exponential I-V curve. There− fore, the instability of the bath resistance causes non−linear effects in the plating bath circuit. In the case of the silver plating baths used in our experi− ments, the bath resistance is stable and no nonlinear effects during the I-V measurements are observed.
The results of I-V measurements of a non−insulated cell are shown in Fig. 6 . The behaviour of the curves is quite similar to the previous case. However, the graphs do not give the complete picture about the electrochemical pro− cesses that occur on the solar cell surfaces. As previously discussed, the balancing of oxidation/reduction processes on the rear surface can be attained by adjusting the potential distribution in the system. In practice, it is difficult to main− tain the potentials in equilibrium. To avoid the dissolution of the rear surface and contamination of the front surface with aluminium, the V 3 voltage is chosen to be slightly higher than V 2 .
At the same time, another important effect to be taken into account is a parasite electrical cell creation due to the difference between the redox potentials of the metals pre− sent on the cell surfaces. Redox potentials for silver, copper, aluminium and their oxides are as follows: The parasite cell's circuit is closed by the electrolyte and the solar cell. This parasitic current is not detected by the ammeter in the external circuit, even though it can sometime exceed the LIP current. The presence of anomalies can be detected by the difference between V 3 , V 1 , and V 1 voltages. In the ideal case, V 1 = V 2 + V 3 . This effect can be counter− vailed by adjusting the voltage distribution, but the exact values are specific to each combination of cell and electrolyte.
The general recipe for determination of optimal plating parameters for different plating materials can be given as follows. First, the plating bath resistance is measured in order to determine the plating current range. Then, the opti− mal plating current and duration are determined using the LIP method, when the rear surface is short−circuited with the anode and electrically insulated from the electrolyte. Line resistance, dark and light I-V curves are measured before and after plating. The morphology and exact thick− ness of metal deposition (and thus the deposition rate) are determined by SEM observations. The plating rate is com− pared to the one obtained by theoretical calculations using Faraday's laws of electrolysis. This can give exact values of metal porosity and plating process efficiency. The plating current and duration are chosen to rapidly obtain the deposi− tions with acceptable quality, because efficiency gain must justify LIP process expenses.
Finally, the conditions are determined for plating using the optimal current without insulating the rear surface. A light−assisted plating method is used. The plating current is adjusted using an external current source. Anode−rear side voltage is set to be slightly bigger than the cell terminal volt− age by adjusting the illumination intensity. Voltage balance can be additionally corrected to compensate the parasitic cell currents, if any. Equilibrium of all three measured volt− ages can be an indicator of the absence or the presence of parasitic cells.
Plating results
The most significant impacts on the plating results come from the deposition rate and the plating duration. Figure 7 represents the analysis of the line ("finger") resistivity im− provements, as a function of the plating current, for fixed deposition duration. Reduction of the line resistance leads to an enhancement of the solar cell efficiency, as it depends on the cell series resistance. The graph has a maximum that defines the optimal plating current to be used for the deposi− tions. The first growth part of the plot corresponds to the deposition thickness increase, the decay part of the plot cor− responds to the losses due to significant layer porosity. Therefore, the optimal plating current is always a compro− mise between the deposition rate and the deposited material quality. A SEM image of a dense copper layer, deposited under a current density 2 A/dm 2 , is shown in Fig. 8 . By the same principle, the optimal currents were measured for all electrolytes used. The optimal current densities for silver plating electrolytes are 0.28 and 0.6 A/dm 2 . The plating rates for copper and silver electrolytes under optimal currents are 0.5, 0.28, and 0.6 μm/min respectively. Plating efficiency was found to depend on the print screen ink composition. For Ag/Al 4% ink, used for the line resistivity improvements, the best results were obtained with a composition between 60% and 75%, for Ag/Al 2% this value varied between 35% and 60%. It should be noted, that the absolute value of line resistivity is smaller for the ink with the larger silver content. However, the line resisti− vity of Ag/Al 4% screen−printed contacts with only 2 μm of deposited copper is of the same order as the screen−printed line with the 100% silver ink.
The solar cell efficiency gain is found to be a non− monotonic function of deposition duration. The contact line resistance decreases as the contact thickens but at the certain moment the entire cell efficiency falls due to the shadow effect from a thick layer deposited. A deposition thickness between 2 and 5 μm was found to be sufficient to signifi− cantly reduce the line resistance without creating major shadowing effects. The cells plated using optimal currents gained up to 1.53% of absolute efficiency.
Conclusions
Light−induced and light−assisted plating methods were stu− died and compared. The major LIP problems of cell rear side dissolution can be solved by either of two ways. In a first case, the front plating depends only on the illumina− tion intensity, and thus can be used to determine optimal current density and plating duration. This current is then applied to the light−assisted plating method, which does not require rear surface insulation. This method implies the use of rear surface protection by adjusting the cell potentials with an external current source, and a light illumination source at the same time. It was found, that the equilibrium of terminal and anode -rear side voltage must be modified to compensate the parasite cells. The plating current was found to depend non−linearly on illumination intensity, due to the bath resistance−voltage behaviour. This causes the I-V curve to bend at the saturation region. This should be taken into account while adjusting the rear and front side po− tentials to avoid a back surface dissolution.
While developing the copper plating method for re− search applications, we found that it can also be used as an effective mean to improve the solar cell characteristics in an industrial production scheme. If the optimal plating condi− tions are chosen appropriately, the plated copper layers are dense enough and do not diffuse deep into the structure. The layers can be protected from oxidation by fine electroless finishing.
Opto−Electron. Rev., 19, no. 3, 2011 Fig. 7 . Increase in the contact line conductivity as a result of the plat− ing of a copper layer on the cell, as a function of the plating current density, for a fixed deposition time. Deposition of only 2 μm of copper can perceptibly improve the line resistance and the whole cell efficiency. 5−μm deposits can enhance the line conductivity almost two−fold. However, the benefits of thicker layers are offset by the creation of important additional optical losses, due to shadowing effect.
Absolute solar cell efficiency was improved by 1.53%.
